Domestic animals are excellent models for genetic studies of phenotypic evolution [1] [2] [3] . They have evolved genetic adaptations to a new environment, the farm, and have been subjected to strong human-driven selection leading to remarkable phenotypic changes in morphology, physiology and behaviour. Identifying the genetic changes underlying these developments provides new insight into general mechanisms by which genetic variation shapes phenotypic diversity. Here we describe the use of massively parallel sequencing to identify selective sweeps of favourable alleles and candidate mutations that have had a prominent role in the domestication of chickens (Gallus gallus domesticus) and their subsequent specialization into broiler (meat-producing) and layer (egg-producing) chickens. We have generated 44.5-fold coverage of the chicken genome using pools of genomic DNA representing eight different populations of domestic chickens as well as red jungle fowl (Gallus gallus), the major wild ancestor 4 . We report more than 7,000,000 single nucleotide polymorphisms, almost 1,300 deletions and a number of putative selective sweeps. One of the most striking selective sweeps found in all domestic chickens occurred at the locus for thyroid stimulating hormone receptor (TSHR), which has a pivotal role in metabolic regulation and photoperiod control of reproduction in vertebrates. Several of the selective sweeps detected in broilers overlapped genes associated with growth, appetite and metabolic regulation. We found little evidence that selection for loss-of-function mutations had a prominent role in chicken domestication, but we detected two deletions in coding sequences that we suggest are functionally important. This study has direct application to animal breeding and enhances the importance of the domestic chicken as a model organism for biomedical research.
, Kerstin Lindblad-Toh Domestic animals are excellent models for genetic studies of phenotypic evolution [1] [2] [3] . They have evolved genetic adaptations to a new environment, the farm, and have been subjected to strong human-driven selection leading to remarkable phenotypic changes in morphology, physiology and behaviour. Identifying the genetic changes underlying these developments provides new insight into general mechanisms by which genetic variation shapes phenotypic diversity. Here we describe the use of massively parallel sequencing to identify selective sweeps of favourable alleles and candidate mutations that have had a prominent role in the domestication of chickens (Gallus gallus domesticus) and their subsequent specialization into broiler (meat-producing) and layer (egg-producing) chickens. We have generated 44.5-fold coverage of the chicken genome using pools of genomic DNA representing eight different populations of domestic chickens as well as red jungle fowl (Gallus gallus), the major wild ancestor 4 . We report more than 7,000,000 single nucleotide polymorphisms, almost 1,300 deletions and a number of putative selective sweeps. One of the most striking selective sweeps found in all domestic chickens occurred at the locus for thyroid stimulating hormone receptor (TSHR), which has a pivotal role in metabolic regulation and photoperiod control of reproduction in vertebrates. Several of the selective sweeps detected in broilers overlapped genes associated with growth, appetite and metabolic regulation. We found little evidence that selection for loss-of-function mutations had a prominent role in chicken domestication, but we detected two deletions in coding sequences that we suggest are functionally important. This study has direct application to animal breeding and enhances the importance of the domestic chicken as a model organism for biomedical research.
For most of their history, domestic chicken populations have been bred for two purposes, egg laying and meat production 5 . The effective chicken population size must have been huge in the past, before specialized commercial populations were established during the twentieth century, as a large proportion of farms kept a group of chickens interconnected with other groups by trade between regions, countries and continents. This is consistent with the extensive sequence diversity present in domestic chicken (,5 single nucleotide polymorphisms (SNPs) per kilobase (kb) in pairwise comparisons) 6 . During the twentieth century, specialized layer and broiler breeds were established to circumvent the inherent conflict in selecting for both growth traits (meat production) and reproductive traits (egg production) in the same bird. This approach, combined with the implementation of modern breeding methods based on quantitative genetics theory, has been extremely successful in improving productivity 7 . Our experimental design involved the resequencing of birds representing eight populations of domestic chickens as well as populations of red jungle fowl (Fig. 1) . The aim was to identify the most common allele at the majority of polymorphic sites in the genome and to history (branch lengths not to scale). The minimum time of divergence, when known, is indicated. Pools of genomic DNA from the following populations were resequenced: red jungle fowl (n 5 8), commercial broiler 1 (CB-1; n 5 10), commercial broiler 2 (CB-2; n 5 10), high growth line (n 5 11), low growth line (n 5 11), Rhode Island Red (RIR; n 5 8), obese strain (n 5 10), White Leghorn line 13 (WL-A; n 5 11) and a commercial White Leghorn line (WL-B; n 5 8). The single red jungle fowl female from the partly inbred UCD 001 line used to generate the reference genome sequence 8 was also included.
identify selective sweeps shared by populations selected for the same trait. We used the Applied Biosystems SOLiD technology to generate short reads (35 base pairs (bp)) to a sequence depth of four-to fivefold coverage from pools of chickens, each representing different populations, which is an effective approach for finding common alleles favoured by positive selection. The sequencing of DNA pools from individual lines is also effective for detecting selective sweeps, because heterozygosity can be calculated in sliding windows from sequences drawn from a pool of haplotypes. We sampled four different layer populations, four broiler populations and a pool of red jungle fowl representing two different zoo populations (Supplementary Table 1 ). Finally, we resequenced the particular red jungle fowl female (from the partly inbred UCD 001 line) previously used to generate the classical Sanger-sequenced reference chicken genome 8 . The inclusion of the reference bird provided an excellent quality check of the SOLiD data.
We aligned the 35-bp reads to the chicken reference sequence. The uniquely placed reads covered 92% of the 1,043 megabases (Mb) in the current genome assembly (Supplementary Table 1 ), and these were used for all further analyses of sequence variation. The 90 Mb not covered by any read from any line were mostly repetitive sequences but to some extent probably represent sequences underrepresented after the emulsion-PCR step. We identified SNPs for each population individually and also for several pools of populations. Three independent reads of the same non-reference nucleotide were required to declare a position polymorphic. This criterion was chosen to minimize the number of false-positives. Bioinformatic analysis showed that the great majority of SNPs (.95%) reported in this study represent true SNPs (Supplementary Information), and this conclusion was supported by experimental verification of more than 300 SNPs (Supplementary Table 2 ). Furthermore, we eliminated ,40,000 putative SNPs because we did not find any support for the reference allele, and assume that these represent rare sequence errors in the current assembly ( Supplementary Fig. 1 ). In total, 7,453,845 SNP loci of which we are confident remained after this filtering and were used in the subsequent analyses. Supplementary Table 1 shows the sequence coverage and the number of non-reference alleles found in each population. We used the allele frequencies of these SNPs to construct a genetic distance tree summarizing the genetic relationships among populations (Supplementary Information and Supplementary Fig. 2 ).
To detect putative selective sweeps, we searched the genome for regions with high degrees of fixation. The major challenge in such an analysis is to distinguish true sweeps from fixation due to genetic drift. In general, there is a high degree of genetic diversity in the chicken genome. However, some of the populations included were maintained with a limited effective population size, which could lead to genetic drift and fixation (Supplementary Table 1 ). To lessen the problem of fixation due to genetic drift within populations, we conducted sweep analyses with pooled sequence data from three groups of populations selected for similar purposes: all domestic lines, the two commercial broiler lines (CB-1 and CB-2) and three layer populations (WL-A, WL-B and RIR). We calculated the pooled heterozygosity, H p , in sliding 40-kb windows along the autosomes from sequence reads corresponding to the most and least frequently observed alleles at all SNP positions (Methods).
The distributions of observed H p values and the Z transformations of H p , ZH p , are plotted in Fig. 2a for the three comparisons. Owing to the complex and partly unknown demography of these populations, it is difficult to define a strict threshold that distinguishes true sweeps from regions of homozygosity caused by drift. We propose that the best way to evaluate the many putative sweeps is to cross-reference these results with others such as verification of the sweep in additional chicken populations and data on co-localization with major quantitative trait loci (QTLs) and differentially expressed genes. We focus our description of putative sweeps on those reaching a ZH p score of 26 or less, as these are in the extreme lower end of the distribution (Fig. 2a) .
Only ,0.1% of the windows (n 5 58) had a ZH p score of less than or equal to 26 in the all-domestic comparison, and the corresponding fractions were ,0.05% for the broilers and ,0.01% for the layers (Fig. 2c and Supplementary Table 3 ). We used the yellow skin allele of BCDO2 locus as a proof of principle showing that this approach could reveal an established sweep 4 ; all domestic birds in this study were assumed to be homozygous for the yellow skin allele. We observed an H p value of 0.09 (ZH p 5 28.2) over BCDO2 (Fig. 2b) , and the region perfectly overlapped the previously defined sweep 4 . The region did not show complete fixation, as a few domestic birds carried a wild-type haplotype.
The number of putative sweeps reaching the ZH p -score threshold of 26 was highest for the all-domestic comparison: 58 windows representing 21 loci passed this threshold. Further genetic and functional studies of these loci are well justified because many of them, as well as some that did not reach the significance threshold, may have contributed significantly to chicken domestication. Three putative sweeps had ZH p scores that were more extreme (that is, lower) than that of yellow skin/BCDO2. One was located on chromosome 1 in a non-coding region upstream of SEMA3A, which encodes semaphorin 3A, an axon guidance molecule with an essential role in brain development 9 . The second occurred in a non-coding region 160 kb upstream of the gene for V-set and transmembranedomain-containing protein 2A (VSTM2A), which is a predicted target-SNARE gene on chromosome 2, and the third occurred at the locus encoding thyroid stimulating hormone receptor (TSHR) on chromosome 5. We decided to further evaluate TSHR because it had the lowest ZH p score (29.2) and because of the well-established biological significance of TSHR signalling for metabolic regulation and reproduction [10] [11] [12] [13] . The sweep region showed almost complete fixation over a 40-kb region (Fig. 3) . The TSHR region also approached significance for the individual broiler and layer comparisons, with ZH p scores of 4.7 and 4.9, respectively. Both groups showed complete homozygosity at the TSHR locus but failed to reach the threshold of 26 because the sweep regions did not cover a full 40-kb window. In the all-domestic comparison, the consistent sweep signal from all eight populations resulted in an extremely low ZH p score even though the region of complete homozygosity across all populations did not cover an entire 40-kb window.
We decided to screen eight SNPs from the TSHR region using 271 birds representing 36 populations with geographic origins ranging from Iceland to China (Supplementary Table 4 ). Every domestic chicken tested, representing commercial as well as local populations, carried at least one copy of the sweep haplotype; seven birds were heterozygous for the haplotype and 264 were homozygous. This is remarkable given the extensive genetic diversity present in the domestic chicken for most parts of the genome. Thus, TSHR may be a domestication locus in chicken, that is, a locus where essentially all individuals of a domesticated species carry a mutant allele. We observed the sweep haplotype at an intermediate frequency in red jungle fowl representing zoo populations (Supplementary Table 4) , and believe that the most likely explanation for this is that many zoo populations have a history of some hybridization with domestic chicken.
We next searched for candidate mutations that may have been the target for the TSHR sweep and identified a non-conservative aminoacid substitution, namely glycine to arginine at residue 558 (Fig. 3c) . This residue is located at the border between transmembrane region 4 and the following extracellular loop (Fig. 3d) . Glycine at this position is conserved among all known vertebrate TSHR sequences and it is almost completely conserved among other members of this family of glycoprotein-hormone receptors (see the Glycoprotein-hormone Receptors Information System; http://gris.ulb.ac.be/). A bioinformatic analysis using DASher 14 indicated that the glycine-to-arginine substitution pushes this residue outwards from the membrane and may therefore influence ligand interaction. Thus, this missense mutation is a candidate causal mutation for the TSHR sweep. Currently, we cannot formally exclude the possibility that the identified missense substitution is a slightly deleterious mutation that has hitch-hiked on a linked causative mutation. However, careful examination, including Sanger-based resequencing of the 40-kb sweep region to close any sequence gaps, did not reveal any strong suspects (GenBank accession numbers GU323554-GU323556).
A possibility is that the domestic TSHR allele confers an advantage as regards increased metabolic activity and growth. However, this is unlikely, because the TSHR locus does not coincide with any of the 13 growth loci detected in our previous QTL study of an intercross between White Leghorn and red jungle fowl 15 , where the two TSHR alleles are segregating. It is now well established that TSHR signalling between the pars tuberalis, of the pituitary gland, and ependymal cells in the hypothalamus regulates photoperiod control of reproduction in birds and mammals [11] [12] [13] . The TSHR sweep may therefore be related to a classical feature of domestic animals, namely the absence of the strict regulation of seasonal reproduction found in natural populations 16 . We plan to follow up the discovery of the TSHR sweep with functional receptor studies as well as careful phenotypic characterization of our White Leghorn/red jungle fowl intercrosses.
The screen for selective sweeps in populations of commercial broilers revealed many loci that make sense in relation to selection for muscle growth (Fig. 2c) . A region on chromosome 1 with strong support contains both the gene for insulin-like growth factor 1 (IGF1), which is a candidate gene for growth, as well as the gene for pro-melanin-concentrating hormone (PMCH), which has important roles in appetite and metabolic regulation 17 . IGF1 also shows a strong indication of a selective sweep in the layer comparison (ZH p , 25.6; Supplementary Table 3) but not in the all-domestic comparison, as different haplotypes are close to fixation in broilers and layers. A functionally related candidate gene affecting growth traits and with a central role for insulin signalling, insulin receptor (INSR), also lies within a sweep region. The sweep at the TBC1D1 (TBC1 (tre-2/USP6, BUB2, cdc16) domain family, member 1) locus is particularly interesting, because it is located at the major QTL explaining differences in growth between broilers and layers in three independent studies [18] [19] [20] . Strong further support for the TBC1D1 sweep comes from the fact that the sweep haplotype is also fixed in the high and low growth lines (Fig. 1) . This implies that the sweep took place during the early development of broiler chickens, as the high and low growth lines were established in 1957 and have been kept as closed populations since then. TBC1D1 has been associated with susceptibility to obesity in humans 21 , and a loss-of-function mutation in this gene causes leanness in mice 22 . It has recently been shown that insulin-stimulated phosphorylation of TBC1D1 is required for the translocation of the main glucose transporter, GLUT4 (also known as SLC2A4), to the cell surface of mouse C2C12 myoblasts 23 . This study implies that billions of broiler chickens around the world carry a mutant TBC1D1 haplotype and could be used for in-depth functional studies.
It has been proposed that loss of function may be an important factor in rapid evolution, such as occurs during domestication 24 . Deleterious mutations may also accumulate as a result of relaxed selection or hitch-hiking during selective sweeps 25 . We used the resequencing data to look for two specific loss-of-function mutations: 
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Number of 40-kb windows Information  and Supplementary Tables 5 and 6 ). We identified almost 1,300 deletions that were fixed or close to fixation in at least one population. Only 16 of these were longer than 6.4 kb and none was longer than 67 kb (Supplementary Fig. 3 ). We found little evidence that selection for loss-of-function mutations has had a prominent role in chicken domestication. However, we detected seven deletions in coding sequences (Supplementary Table 7) , one of which has previously been described as functional and another of which shows strong evidence of function. The deletion in the growth hormone receptor (GHR) gene has previously been reported to be a causative mutation for sex-linked dwarfism 26 and has been used in some commercial broiler lines to reduce growth and feed consumption in parental lines.
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We also found a novel deletion that removes all but the first exon of the gene SH3RF2 (SH3 domain containing ring finger 2) (Fig. 4a) . The deletion is fixed in the high growth line and occurs at a low frequency in the low growth line and in CB-1. SH3RF2 lies within a QTL region for body weight detected in a cross between the high and low growth lines 27 . We genotyped 400 birds from generation F 8 of this intercross, which provides a much better mapping resolution than generation F 2 (ref. 28) . The analysis revealed a highly significant association between the presence of the deletion and increased growth (P , 0.001; Fig. 4b ). Body weight at 70 days for Del/Del birds (600 g) was 20% greater than for WT/WT birds (500 g). We could take advantage of the fact that the deletion was also present at a low frequency in the low growth line. If this is the causative mutation, it should be associated with the same QTL effect in generation F 2 whether it was inherited from an F 0 chicken from the high growth line or the low growth line. This provides high resolution in QTL mapping because the lines were crossed after generation 41 of the selection experiment, meaning that they are separated by 82 generations of meioses, disrupting the associations between the QTL and linked markers. The estimated effects of the deletion haplotype originating from the high growth line were indistinguishable from those of it originating from the low growth line (Fig. 4c) . This shows that the deletion or a mutation in the very near vicinity must be the causative mutation for the QTL. Expression analysis using hypothalamus messenger RNA revealed SH3RF2 expression in the low growth line but not in the high growth line, which is expected because the latter is fixed for the deletion (Fig. 4d) . The result is of interest as it is well established that chickens from the high growth line have a genetic defect in hypothalamic appetite regulation 29 . The results strongly suggest that the deletion, eliminating most of the coding sequence of SH3RF2, is the causative mutation for a QTL contributing to the remarkable difference in growth between the high and low growth selection lines. The nature of the mutation, that is, loss of function of a gene that is well conserved among birds and mammals, suggests that the deletion is unlikely to be just a neutral linked marker. SH3RF2 encodes SH3 domain containing ring finger 2 and is expressed in brain and muscle. The high and low growth lines now provide the first animal model with which the functional significance of this gene may be explored.
The present study casts light on the genetic basis of domestication, but also has implications both for the use of chicken as a model organism for biomedical research and for the application of genomics to practical chicken breeding (Supplementary Information). Chicken was selected for this study because the fairly small genome size (,1 Gb) made it easier to achieve sufficient sequence coverage to obtain a reasonable power to detect sweeps, deletions and high-quality SNPs. However, the successful outcome of this approach suggests that it should be applied to other domesticated species as well as to natural populations, where it may reveal the genetic basis for rapid evolutionary adaptations.
METHODS SUMMARY
SOLiD sequencing. We prepared libraries from pools of genomic DNA (except for the UCD 001 reference individual) and sequenced them using SOLiD (version 2 was used for all runs except two WL-A runs, for which we used version 1) according to standard manufacturer protocols. SNP detection and analysis. We called SNPs using the Corona Lite pipeline from Life Technologies. To call a SNP, at least three reads with different start sites supporting the non-reference allele had to be present. We called SNPs on each individual line and also by bioinformatically combining the data from multiple pools to improve sensitivity to rare alleles. All reported SNPs are unique sites from the union of all runs. Selective-sweep analysis. We used allele counts at SNP positions to identify signatures of selection in sliding 40-kb windows, for pools of sequence data. For each pool and SNP, we determined the numbers of reads corresponding to the most and least abundant allele (n MAJ and n MIN ). For each window in each breed pool, we calculated a pooled heterozygosity score: H p 5 2Sn MAJ Sn MIN / (Sn MAJ 1 Sn MIN ) 2 , where Sn MAJ and Sn MIN are the sums of n MAJ and, respectively, n MIN for all SNPs in the window. Individual H p values were then Z-transformed as follows: ZH p 5 (H p 2 mH p )/sH p . Detection of deletions and stop codons. We first scanned the genome for putative deletions in each line. A putative deletion was defined as 100 bp or greater with no read coverage. We then tested all of these regions against coverage by the reference bird to remove those that were uncovered because of sequencing or alignment bias.
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